Minority ion cyclotron current drive is studied by solving the FokkerPlanck equation in toroidal geometry keeping the ∂/∂v -term in the quasilinear operator, hereby including the important effects of the finite orbit widths of the tail ions and the wave-induced spatial drift and diffusion. It has previously been found that the trapped ion current and the current carried by passing ions detrapped by wave-induced v ⊥ -diffusion are the two dominating contributions for high levels of coupled power. In this study yet another current-drive mechanism is presented, asymmetric detrapping by inward wave-induced radial drift, which occurs for negative k and is strongest for on-axis resonance where it is the totally dominating effect for high powers.
Introduction
Minority ion cyclotron current drive (MICCD) can locally perturb the ohmic current profile, increasing or decreasing the gradient. The stability of tearing modes, which depends sensitively on the current gradient at the rational-q surfaces, can thus be affected with MICCD. Conclusive experimental evidence for this was first found at the Joint European Torus (JET) [1] where the sawtooth period was varied over almost two orders of magnitude by driving current on the hydrogen minority with the fundamental resonance on the q = 1 surface [2] . Over the last few years experiments aiming to optimize the central shear, reducing or even reversing it, by perturbing the ohmic current profile has been carried through at several of the large tokamaks [3, 4, 5, 6] . The optimized-shear scenarios are characterized by the formation of internal transport barriers in the plasma leading to improved energy confinement. MICCD is one of the techniques which can be used for shear optimization.
In 1981 Fisch presented a model of how an ion current can be generated by cyclotron absorption on a minority species in an inhomogeneous magnetic field where the Doppler shift causes ions with different v to resonate at different locations [7] . In this model it is assumed that the absorption of parallel momentum from the wave is negligible so that the wave-particle interaction only serves the purpose of selecting ions with a given v and increasing their perpendicular energy. Due to the energy dependence of the Coulomb diffusion coefficients [8] the perturbation of the v -distribution will be smoothed out more quickly at lower than at higher v ⊥ , leading to a net drift of the resonant ions. In a monotonic magnetic field this mechanism will thus result in a bidirectional minority current around the cyclotron resonance. The parallel momentum of the plasma is essentially conserved by the majority ions drifting in the opposite direction of the resonant ions. The electrons do not, due to their negligible mass, contribute to the momentum balance even if the scattering against the minority and majority ions leads to a net drift (and accompanying electron current) [7] . Taking the back current carried by majority ions and electrons into account the total current density becomes [9, 10, 11, 12] ,
where m and Z are the mass and charge of the minority ions and m i and Z i are the mass and charge of the majority ions. The function A(Z ef f ) 1 is the one given by Connor and Cordey [11] . The first two terms within the brackets on the right-hand side of expression (1) represent the minority current and the back current carried by majority ions and electrons, respectively. The third term accounts for the reduction of the electron back current caused by electron trapping. It should be noted that for Z > Z ef f the bracketed expression multiplying j m can become negative and the total driven current flow in the opposite direction of the minority current. The Fisch model of how the minority current is generated is strongly simplified. A more precise calculation of the minority current requires solving the Fokker-Planck equation with the Coulomb collision and quasilinear operators on the right-hand side. The minority current is then calculated by taking the velocity moment of the distribution function that satisfies the Fokker-Planck equation, j m (r, t) = eZ vf (r, v, t) dv. In the Fisch model the absorption of parallel momentum from the wave is omitted. This effect can easily be shown by a trivial manipulation of the equation of motion,
For the fast wave, which is typically used for MICCD, the frequency is sufficiently low for the electron inertia to be negligible so that the electrons short-circuit the parallel component of the electric field. By taking the scalar product of the equation of motion with v and v ⊥ , respectively, we then find, after substituting and subtracting,
where W = mv 2 /2. I.e. for finite k there is always some absorption of W (the work performed by the parallel component of the Lorentz force on the ion) in addition to the dominating absorption of W ⊥ . This introduces a new current-drive mechanism, not present in the Fisch model. In the Fokker-Planck equation the effect is described by the ∂/∂v -term in the quasilinear operator. To investigate the importance of the effects not included in the Fisch model (the absorption of parallel momentum from the wave, the Coulomb energy diffusion and trapping) we compare the minority currents on a flux surface calculated by solving the Fokker-Planck equation in tokamak geometry and by using the Fisch model. To simplify the comparison we assume that the wave field is non-zero only in the midplane, see Fig. 1 . The JET-like parameters used are the ones found in the next section with the exception of the plasma current which here is increased to 20 MA to prevent the gyro centers of the ions from leaving the flux surface. The Fisch current is calculated using the expression (13) from the original article [7] . In this expression the velocity distribution of the resonant ions is represented by a single characteristic energy. How this characteristic energy is defined is rather arbitrary, we calculate it by taking the energy moment of solution to the Fokker-Planck equation, excluding energies below twice the background temperature. The power density is scanned and the current densities at two flux surfaces on the inside and outside of the resonance surface, respectively, are calculated and plotted in Fig. 2 . As can be seen there is convergence at low power densities but as the coupled power increases the Fisch model overestimates the minority current. The main reason for the discrepancy is the trapping which increases with power. In Fig. 2 the power density at which the current-drive efficiency is the highest according to the Fisch model (when the slowing-down times against electrons and background ions are equal) is approximately 130 kW/m 3 , a value not untypical for the current-drive scenarios at JET. Reducing the plasma current an order of magnitude to more realistic values two effects appear and in general destroy even the qualitative agreement with the Fisch model. Firstly, due to the width of the drift orbits, in addition to the fact that the trapped ions in most cases dominate the power absorption, the trapped ions can give a significant contribution to the minority current. The current-density profile generated by the trapped ions is always bidirectional and decreases the ohmic current gradient around the reversal surface which is typically located just outside the resonance surface. The v ⊥ -diffusion caused by the wave-particle interaction also causes detrapping of tail ions. This detrapping is symmetric, trapped ions become co-and counter-passing with equal probability and the profile of the current they carry overlaps the profile of the trapped current and is of the same magnitude. Secondly, the absorption of parallel momentum not only gives rise to unidirectional current but also causes radial transport [13, 14] . As will be discussed below, the radial transport can cause detrapping that, unlike the symmetric detrapping caused by the v ⊥ -diffusion, is asymmetric.
In the first theoretical study of MICCD in full toroidal geometry it was found that the dominating contributions to the minority current were, at high levels of coupled power, given by the trapped current and the passing current generated by the symmetric detrapping of tail ions driven by the v ⊥ -diffusion [15] . The Fisch current was seen transiently but at steady state it was of minor importance as was the current driven by direct absorption of toroidal momentum. In the study only two cases were investigated, both with the resonance on the high-field side. In this Article a more systematic investigation leading to more new results is presented.
The Fokker-Planck model and the parameters used are presented in section II. A criterion for when the detrapping by absorption of negative toroidal momentum becomes asymmetric is given is section III. In section IV-VI we study hydrogen current drive at the fundamental cyclotron frequency in a JET-like deuterium plasma; in section IV for positive k , in section V for negative k and in section VI for a symmetric antenna spectrum. In section VII we re-evaluate a fast-wave current drive scenario in a plasma with parameters similar to those planned for the International Thermonuclear Experimental Reactor (ITER) [16] and find that the 'parasitic' α-absorption triggers one of the new current-drive mechanisms, boosting the electron current and producing favorable profiles for the safety factor and shear. The results are concluded in section VIII.
Irrespective of how the minority current is calculated, as the moment of a Fokker-Planck solution or with the Fisch model, the back current has to be subtracted to get the total current (see Eq. 1). Since this Article presents new results on how the minority current is generated, and has nothing new to add about the back current, the current profiles shown are for the minority current. Only in section VII, where the quantitative perturbation of the ohmic current profile is of interest, is the back current included.
The model
For this study we have used the Monte-Carlo code FIDO [17] , which solves for the orbit-averaged distribution function in a torus with circular cross section (since the physics relevant to this Article occurs in the central plasma, s 0.4, this should be a valid approximation). The orbit-averaged distribution function is governed by a three-dimensional Fokker-Planck equa-tion [18] ,
where C is the orbit-averaged Coulomb collision operator, including the neoclassical diffusion, and Q is the quasilinear operator [18] ,
Ze ω
where E is the energy, Λ = µB 0 /E, µ is the magnetic moment and P φ = mRv φ + Zeψ is the canonical toroidal momentum. For a trapped ion P φ equals the poloidal flux ψ (times eZ) at the turning point. Consequently, the n φ ∂/∂P φ term in the operator L n φ describes the radial transport of the turning points for resonant trapped ions. The other quantities involved follow the notations of Eriksson and Helander [18] . The integrand is oscillating rapidly giving non-cancelling contributions only when the phase φ is roughly constant, i.e.φ ≈ 0, which holds in the resonance layer. Furthermore, ifφ ≈ 0, which is true in the vicinity of the turning point of a trapped ion, the time spent in the resonance layer becomes long. The ions that interact most strongly with the wave field are thus trapped with their turning points at the resonance. The turning points will slide along the resonance, moving away from the midplane if n φ is positive and approaching it if n φ is negative.
In section IV-VI we study a JET-like tokamak with the following parameters: major radius R 0 = 3.0 m, minor radius a = 1.25 m, on-axis magnetic field B 0 = 2.52, 2.80 or 3.08 T, plasma current I = 2.0 MA, deuterium density n D = 2.7 × 10 19 (1 − 0.9(r/a) 2 ) 0.55 m −3 , deuterium and electron temperatures T D,e = 5.5(1 − 0.9(r/a) 2 ) keV yielding the on-axis slowingdown time t s = 0.54 s. Note that the plasma current is defined as flowing anti-parallel to the magnetic field and the ohmic current density is thus negative. The antenna frequency is 42.7 MHz giving a fundamental hydrogen cyclotron resonance on the high-field side intersecting the q = 1 surface at R c − R 0 = −r c = −30 cm in the midplane when B 0 = 2.52 T. With B 0 = 2.80 T the fundamental hydrogen cyclotron resonance instead intersects the magnetic axis, R c = R 0 , and with B 0 = 3.08 T the resonance intersects the q = 1 surface in the low-field side midplane at R c −R 0 = +r c = +30 cm. The coupled power P = 0.5, 1, 5, 10 MW is absorbed by an 8% hydrogen minority and the wave-field profile is consistent with full-wave code calculations. The toroidal mode number is either n φ = +15 (in section IV), n φ = −15 (in section V) or n φ = ±15 (in section VI).
Asymmetric detrapping by absorption of negative toroidal momentum
As was pointed out above, the trapped tail ions will experience a radial drift and diffusion if the parallel wave number is non-zero. For positive k the drift is outward (the resonant ions absorb positive toroidal momentum from the wave), with the turning points sliding along the resonance away from the midplane. For negative k the drift is inward (the resonant ions absorb negative toroidal momentum from the wave), with the turning points approaching the midplane. Both these cases have previously been discussed (and illustrated) [15] . If the turning points meet in the midplane the ion is detrapped. This detrapping mechanism is most important for negative k , but as we will see below, the radial diffusion is sufficient to sometimes make it present even for positive k . If the cyclotron resonance is far up on the high-field side, the drift orbits with their turning point on the resonance are the ordinary banana orbits. When the turning points of a banana orbit meet in the midplane the ion will become counter-passing if it was on the counter-passing leg of the banana orbit and if it was on the co-passing leg it will become co-passing. As the resonance approaches the magnetic axis from the high-field side it reaches a critical major radius R c = R crit where a banana orbit, with a given energy and the turning point on the resonance, will become a potato orbit as it approaches the midplane [19] . As the turning points of a potato orbit approaches the midplane the co-passing leg gradually becomes shorter to disappear simultaneously as the turning points meet and the ion thus always becomes counter-passing. So, for a trapped ion with a given energy, the detrapping caused by inward wave-induced radial drift or diffusion becomes asymmetric if the resonance gets sufficiently close to the magnetic axis. An approximate expression for this is given by,
This criterion is illustrated in Fig. 3 (for the parameters of the previous section). With the resonance on the low-field side, R c > R 0 , the detrapping is asymmetric at all energies. As the turning point is pushed toward the midplane by the absorption of negative toroidal momentum from the wave field, the ion keeps following a banana orbit until the turning point reaches the midplane and the ion starts following a rather exotic counter-passing orbit that resides completely on the low-field side [19] . In this paper several examples will be given where the asymmetric detrapping has a dramatic effect on the minority current.
Positive parallel wave numbers
For n φ = +15 we scan the coupled power for three different cases with the resonance at R c − R 0 = −30, 0, +30 cm, respectively. In the Fisch model the minority current would be quite different in each of these three cases. The high-field side case is the one illustrated in Fig. 1 with the minority current flattening the ohmic current around the resonance surface. With the resonance on axis the Fisch model predicts no minority current and for the low-field side case the expected minority current is steepening the ohmic current. However, as we will see below, with our more complete model the minority current is in fact similar in all three cases, especially for high coupled power, where the absorption is strongly dominated by the trapped ions, see Table 1 . In all three cases the current carried by trapped ions and ions detrapped by wave-induced v ⊥ -diffusion plays an important role, hence the similar profiles for the minority current. With the resonance on the high-field side and P = 0.5, 1 MW just above 50% of the power is absorbed by trapped ions and the counter-passing ions absorb a few percent more of the remainder than the co-passing ones. As can be seen in Fig. 4 the passing current is nevertheless almost ten times stronger than the trapped current. The passing current is a combination of the Fisch current and the current generated by ions detrapped by the v ⊥ -diffusion or, since the typical energy of the resonant ions is here only a few times the background temperature, the pitch-angle scattering caused by ion-ion Coulomb collisions. As the coupled power increases to P = 5, 10 MW the fraction of the power absorbed by trapped ions increases and the importance of the Fisch current decreases. The pitch-angle scattering also decreases and the wave-induced radial transport pushes the turning-points further away from the midplane, making the tail ions more deeply trapped and the detrapping consequently decreases. As a result the passing current saturates. The radial drift and the large orbit width of the tail ions also shifts the reversal surface of the minority current outward from the resonance surface and the maximal flattening of the ohmic current profile occurs for P = 10 MW at r ≈ 50 cm.
With the resonance intersecting the magnetic axis the trapped tail ions are more deeply trapped than in the case above with the resonance on the high-field side. Furthermore, there is no Fisch current in this case. The passing current, which is almost entirely generated by detrapping, is thus reduced compared to the trapped current, see Fig. 5 . For P = 0.5, 1 MW we see the first example of how the generation of the minority current is dominated by the asymmetric detrapping caused by the absorption of negative toroidal momentum from the wave. Since k is positive the radial drift is outward. The radial diffusion is however sufficient to detrap some of the trapped tail ions. As was described in section III these ions all become counter-passing, causing the negative passing current density. For P = 5, 10 MW the radial drift carries the turning points of the trapped tail ions further away from the midplane, preventing the radial diffusion from detrapping ions and the absorption is strongly dominated by trapped ions, see Table 1 . Even though the detrapping by wave-induced v ⊥ -diffusion is weak it has a large impact on the minority current. Since fast co-passing ions are not, due to the Doppler shift, resonant in the central plasma, they are not quickly retrapped like the counter-passing ions, but are slowly slowed down against the electrons. While slowing down these co-passing ions make a large contribution to the driven current, of the same order as the trapped current.
When we increase the toroidal magnetic field by 10% and push the cyclotron resonance out on the low-field side the trapping becomes more pronounced, making the Fisch current insignificant, and the minority current is very similar to the current driven in the on-axis case above. As can be seen in Fig. 6 the passing current profiles are almost identical with those in Fig. 5 for P = 5, 10 MW. Due to the Doppler shift the trapped orbits only intersect the resonance on the counter-passing outer leg. This is seen on the trapped current profiles in Fig. 6 where the reversal point for low coupled power is inside of the resonance surface. As the power increases the effect is cancelled by the larger orbit widths.
Negative parallel wave numbers
For n φ = −15 we again scan the coupled power for three different cases with the resonance at R c − R 0 = −30, 0, +30 cm, respectively. In the Fisch model the minority current in these three cases would be the reversal of the currents achieved with n φ = +15. For the high-field side case the minority current would steepen the ohmic current around the resonance surface. With the resonance on axis the Fisch model predicts no minority current and for the low-field side case the expected minority current would flatten the ohmic current. With our more complete model we find that most of these cases are totally dominated by the central counter-passing current generated by the asymmetric detrapping caused by the absorption of negative toroidal momentum from the wave and the associated inward radial drift. The population of fast counter-passing ions in most cases dominate the energy absorption at high levels of coupled power, see Table 2 .
With the resonance on the high-field side and for low coupled power, P = 0.5, 1 MW, the driven current is dominated by the counter-passing ions directly absorbing negative toroidal momentum, see Fig. 7 . The co-passing ions are also resonant but since the interaction with the wave does not only increase the perpendicular velocity, but also decrease the parallel velocity, they almost immediately become trapped. The Fisch current is present but Figure 6 : Low-field side resonance, R c − R 0 = +30 cm, n φ = +15. of lesser importance. As the power increases, P = 5, 10 MW, the trapped tail ions start reaching energies where the detrapping caused by the inward drift along the resonance becomes asymmetric and contribute in building up a population of fast counter-passing ions, see Fig. 3 . These ions initially follow drift orbits on and just outside of the resonance surface. As they absorb negative toroidal momentum from the wave they drift inward but due to the Doppler shift they remain resonant even inside of the resonance surface. Eventually, as the minor radius of the drift orbits is very small and the parallel velocity is very large negative, these ions lose contact with the resonance. They are then slowed down against the electrons until the Doppler shift has decreased so much that they again become resonant. This cycle sets up a steady state and the characteristic central counter-passing current is established. Since the trapped resonant ions are so effectively detrapped the current they generate is weak.
With the resonance on axis the resulting minority current is almost identical to the one achieved in the high-field side case above, see Fig. 8 . Since the detrapping is asymmetric even for zero-energy ions also sub-MeV counterpassing ions contribute to the central current. Of all the cases we study in the JET-like tokamak this is the one that gives the largest minority current, 0.37 MA or 18% of the inductively driven current.
The case with the resonance on the low-field side has similarities with the two cases above, but as was pointed out in section III the detrapping on the low-field side results in a counter-passing orbit that resides completely on the low-field side. Since these tail ions only make small excursions in major radius they easily lose contact with the resonance and, after being slowed down against the electrons, they are quickly retrapped them. The power absorption on the counter-passing ions is thus kept down, see Table 2 . Hence, the counter-current is limited and the trapped current dominates, see Fig. 9 .
Symmetric parallel wave numbers
We now look at the minority current driven by a symmetric antenna spectrum, n φ = ±15. Due to the Doppler shift an ion does not in general (if v = 0 at the intersection with the cyclotron resonance) resonate with the n φ = +15 and n φ = −15 mode at the same point in phase space. As a result the P φ drift terms in the quasilinear operator only partially cancel. The profiles of the minority current are very similar to superpositions of the current profiles for the asymmetric antenna spectra n φ = +15 and n φ = −15, respectively (see figures in section IV and V). As in the two previous sections we scan the coupled power with the resonance at R c − R 0 = −30, 0, +30 cm, respectively. The minority currents for each case are shown in Figs. 10, 11 and 12. 
Application for an ITER-like plasma
In JET it has been shown that the sawtooth period is strongly influenced by the antenna phasing and location of the resonance during MICCD [2] . Stabilization can be provided both by decreasing the shear at the q = 1 surface and by increasing the fast-ion pressure inside the q = 1 surface [20] . To make a comparison with the experiments is difficult since it requires detailed knowledge of the location of the resonance and q = 1 surfaces, where the latter is a function of time and is difficult to measure with different diagnostics giving different results. An analysis of scenarios with the resonance on the high-field side has been made using the Fisch model to calculate the minority current [21] . Work is in progress, in collaboration with JET, in comparing FIDO code results with experimental observations, including sawtooth stabilization.
Of the cases studied in section IV-VI the highest fast-ion pressure inside the q = 1 surface is achieved with the resonance on axis and n φ = −15. However, the minority current in this scenario gives a strong central peaking of the ohmic current. As can be seen from the expression (1) the total driven current can be made to flow in the opposite direction as the minority current if the charge of the resonant species is larger than the effective charge of the background ions, Z > Z ef f . For on-axis resonance with negative n φ and Z > Z ef f both the stabilization provided by flattening the ohmic current an by increasing the fast-ion pressure inside of the q = 1 surface should thus be maximized. We therefore study the current driven in a 25 keV ITER-like plasma at a coupled power of 50 MW, n φ = −42 and frequency 45.8 MHz, locating the resonance on axis. The on-axis densities of the background ions are n D (0) = n T (0) = 6.30 × 10 19 m −3 and n C (0) = 2.33 × 10 18 m −3 yielding an on-axis electron density of n e (0) = 14 × 10 19 m −3 and Z ef f = 1.5. The slowing-down distribution of the fusion-born α's is calculated with the FIDO code and the absorption on each species is calculated with the fullwave code LION [22, 23] ; 42% is absorbed by the α's, 56 % by the electrons and the remaining two percent is absorbed by the other species. The scheme used to calculate the wave absorption in the presence of non-Maxwellian ion distributions has recently been presented [24] . The parameters used are typical for fast-wave current drive (FWCD) scenarios. However, as has already been pointed out [25] , due to the strong 'parasitic' α absorption it is more proper to think of this case as a combination of α-MICCD and e-FWCD. Chang and Van Eester studied how the α-MICCD and e-FWCD interact, constructively or destructively, using an analytical expression, based on the assumption of zero orbit width, for the α-MICCD [25] . Our model predicts the current density profiles shown in Fig. 13 , where the α-MICCD is calculated with FIDO and the e-FWCD is calculated with LION [26] . As can be seen the net back current driven by the resonant α's is relatively large close to the magnetic axis, helping the electron current driven by the Landau Figure 13 : Driven current in an ITER-like plasma with R c = R 0 , n φ = −42. j m is the α-current generated by α-MICCD and j tot is the α-current with the back current from majority ions and electrons subtracted. j e is the electron current driven by e-FWCD and j Ω is the inductively driven current. 
Conclusions
We have shown that at the several MW of coupled power used in the MICCD scenarios of today, the Fisch current becomes insignificant due to the strong trapping. Instead, other mechanisms are responsible for the dominating contributions to the minority current. For positive k the trapped tail ions and the tail ions detrapped by the wave-induced v ⊥ -diffusion give roughly equal contributions to the minority current. The current profile is bidirec-tional and flattens the ohmic current profile. Due to the orbit width and the outward wave-induced spatial drift the minor radius at which the maximal flattening occurs grows with the coupled power. For negative k we have for the first time shown how the inward wave-induced spatial drift can create the dominating minority current. This occurs when the resonance is on axis or close to the axis on the high-field side in which case the inward drift leads to asymmetric detrapping and a population of fast counter-passing ions is created in the center of the plasma. The unidirectional current profile peaks the ohmic current profile in the center. With the resonance far out on the high-field side or on the low-field side the minority current is dominated by the trapped ions and the ions symmetrically detrapped by the v ⊥ -diffusion resulting in a bidirectional current profile flattening the ohmic current profile.
If the charge of the resonant ions, Z, is less than Z ef f the total driven current flows in the opposite direction of the minority current. We investigate such a case in an ITER-like plasma, driving current on the fusion-born α-population with negative k and on-axis resonance and find that the effect on the profiles of the safety factor and shear is very beneficial. In addition, the inward wave-induced radial drift leads to a high α-pressure in the central plasma.
